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a b s t r a c t

While herbage chemical composition varies diurnally, it is not
known if this variation affects herbage biomechanical properties.
The objective of this study was to evaluate changes in herbage
toughness and particle size in relation to diurnal fluctuations of
herbage chemical composition. Vegetative (i.e, tillers with three
fully expanded leaves) micro-swards of Festuca pratensis Hud. were
sampled at four times of the day being: 06:50 (sunrise), 11:10,
15:30 and 19:25 h. Cut herbage was analysed for dry matter (DM),
crude protein (CP), total non-structural carbohydrates (TNC), neu-
tral and acid detergent fibre (aNDF, ADF), in vitro true digestibility
(IVTD), toughness and particle size. The experiment was repeated
on two consecutive days. Diurnal variation of temperature, rela-
tive humidity and photosynthetic radiation were recorded every
5 min with an automated weather station. To characterize the
relationship between dependent variables, Pearson correlations
were performed. From 06:50 to 19:25 h, DM, TNC and the propor-
tion of small particles (<1 mm) increased (P<0.05), CP, aNDF, ADF,
toughness and proportion of large particles (>4.75 mm) decreased
(P<0.05) while IVTD remained constant (P>0.05). Toughness was
negatively correlated (P<0.05) with DM and TNC concentrations,
and positively correlated (P<0.05) with proportions of aNDF and
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ADF. The proportion of small particles was positively correlated
(P<0.05) with DM and TNC concentrations, and negatively corre-
lated (P<0.05) with proportions of aNDF, ADF and toughness. Results
suggest an effect of time of day on herbage toughness and particle
size as a function of increases in DM concentration, and reductions
of aNDF and ADF concentrations, due to an increase in TNC. Diurnal
fluctuations in chemical composition of herbage not only result in
differential nutrient supply to grazing ruminants during the day, but
also in temporal fluctuations in herbage biomechanical features.

Published by Elsevier B.V.

1. Introduction

Several studies have shown increases in dry matter (DM) and total non-structural carbohydrate
(TNC) concentrations of herbage during the day because of moisture losses and accumulation of pho-
tosynthates (Mayland et al., 2003; Griggs et al., 2005). Increased TNC dilutes neutral and acid detergent
fibres (NDF, ADF) and crude protein (CP) concentrations (Delagarde et al., 2000).

Toughness has been described as the resistance to ‘cracking’ of plant material (Atkins and Mai, 1985;
Lucas et al., 1995), and the quantity and association of cellulose fibres, hemicellulose and lignin in plant
cell walls, to some degree, determine toughness (Grenet and Belse, 1991). Thus, concentrations of NDF
and ADF may reflect the toughness of plant material and chewing effectiveness during ingestion and
rumination (Perez-Barberia and Gordon, 1998).

Ingestive chewing is critical for grazing ruminants because it starts the particle comminution pro-
cess, as well as facilitates bolus formation, cell content release, degradation and particle passage from
the rumen (Chilibroste et al., 2008). Consequently, diurnal changes in herbage chemical composition
can result in substantial differences in nutrients supplied by pasture throughout the day (Mayland et
al., 2005; Gregorini et al., 2008a), and may expose grazing ruminants to diurnal fluctuations of herbage
biomechanics.

The objective of this experiment was to quantify changes in ‘toughness’ and particle size of meadow
fescue (Festuca pratensis Hud.) herbage in relation to diurnal fluctuations of herbage chemical compo-
sition.

2. Materials and methods

2.1. Site and experimental setup

The experiment was conducted at the USDA-ARS Pasture Systems and Watershed Management
Research Unit in University Park, PA, USA. In January 2007, monoculture micro-swards (Orr et al., 2005)
of meadow fescue were established in 22 plastic boxes (79 cm × 47 cm × 11.5 cm; 4.5 kg when empty).
All boxes had 6 mm drainage holes drilled in the bottom spaced at 10 cm in four rows of seven (i.e.,
28 total holes). Each box was filled with 40–45 kg of a potting medium (Scott’s Sierra Horticultural
Products Co., Marysville, OH, USA). Seeding rate was 500 seeds/m2, based on the germination rate
previously determined. The micro-swards were established and grown in the greenhouse for 14 weeks,
and then placed outdoors in May. Micro-swards were cut at 6 cm stubble height about every 21 days
to maintain vegetative (i.e., three fully expanded leaves) tillers. Micro-swards were watered regularly
to maintain soil moisture at field capacity and fertilized after each 21 days cutting interval with N, P,
and K at 1.79, 3.58 and 1.79 g/m2, respectively.

2.2. Micro-sward sampling and measurements

Sampling was on consecutive sunny, or a few clouds, days (i.e., September 12 and 13, 2007) to cre-
ate one set of 11 micro-swards per day. Micro-swards were sampled four times per day being: 06:50
(sunrise), 11:10, 15:30 and 19:25 h (sunset). A grid was set in each micro-sward and samples were
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collected from randomly selected grid points within each micro-sward. Photosynthetic active radia-
tion (LI-COR, LI190SB Quantum Sensor, Logan, UT, USA), temperature and relative humidity (Vaisala,
HMP35C, Logan, UT USA) were measured every 5 min each day with an automated weather station.

2.2.1. Toughness
Three leaf blades from different tillers were randomly harvested from each micro-sward at each

time of the day. These blades corresponded to the second fully expanded leaf. Blades were immediately
put into nylon bags (20 cm × 15 cm), placed in an ice chest and analysed for force in compression and
fracture within 30 min of harvested. Fracture has been utilized by Wright and Illius (1995) and Aranwela
and Sanson (1999) as a measure of toughness. The values of toughness for each blade was the mean
force in compression of three equal-length portions (i.e., top, middle, bottom) of the blades using in a
TA-XT2i texture analyser (Texture Technologies Corp., Scarsdale, NY, USA). Cutting blades (sharpened,
0.6 mm thick) passed through the leaf material at a rate of 10 mm/s and break return sensitivity was
0.9 N. Stable Micro Systems and Texture Expert ExceedTM software (Stable Micro Systems, Ltd., Texture
Technologies Corp., Surrey, England, UK) were used to calculate total work in Newton. This value
was divided by the cross sectional area (leaf-blade width × thickness) at the breaking point for the
calculation of toughness (i.e., N/mm2) (Wright and Illius, 1995; MacAdam and Mayland, 2003). Width
and thickness of the leaf-blade were measured with a digital calliper (14-648-17, Control Co. West
Englewood, TX, USA).

2.2.2. Particle size
The effect of time of day on particle size was determined similarly to the particle size reduction

index technique of Casler et al. (1996). At each time of the day, approximately 10 g (DM basis) of
meadow fescue were harvested from each micro-sward to a 6 cm stubble height to minimize pseudo-
stems in the samples. Samples were immediately frozen in liquid nitrogen for further freeze-drying
(Ultra 35 Super ES, Virtis, Gardiner, NY, USA) and analysis. A 4 g dry sub-sample from each sample
was ball-milled in a hobby-sized rock polishing machine (Thumler A-R1, Tru-Square Metal Products,
Auburn, WA, USA). The rubber cylinder was 125 mm in diameter and 110 mm deep, with a speed
of 0.43 revolutions/s. One hundred stainless-steel ball bearings with 9.5 mm diameter and 100 ball
bearings with a 12.7 mm diameter were included in the rubber cylinder. Samples were ball milled for
30 s (Casler et al., 1996). After ball-milling, contents of the rubber cylinder were removed and brushed
onto a 4.75 mm screen (USA Standard Testing Sieve, Fisher Scientific Co, New York, NY, USA). This
screen rested on the top of a 1 mm screen (USA Standard Testing Sieve, Fisher Scientific Co, New York,
NY, USA). Sieving time was 60 s. After sieving, residues from each sieve were weighed and proportions
from the initial sample weight (4 g DM) were calculated. The proportion of particles passing through
the 1 mm screen is equivalent to the particle size reduction index calculated by Casler et al. (1996).

2.2.3. Meadow fescue chemical composition
The remaining 6 g of DM of the meadow fescue samples collected for particle size reduction rate

were analysed for aNDF, ADF, nitrogen and TNC. Dry matter was determined by freeze-drying (Ultra 35
Super ES). The methods of Van Soest et al. (1991) were used in the analyses of aNDF and ADF with amy-
lase and sodium sulphite used in the aNDF procedure and both aNDF and ADF are expressed inclusive
of ash. Concentrations of nitrogen were determined by total Kjeldahl nitrogen, (official method 976.06
with 75 ml calibrated tubes and CuSO4/K2SO4 catalyst; AOAC, 2000) and analysis on Quickchem 8000
Ion Analyser (Lachat Instruments, Milwaukee, WI, USA). The TNC content was determined by pro-
cedures of Burns et al. (2006). Determination of in vitro true digestibility (IVTD) was according to
Goering and Van Soest (1970) with a 48-h rumen fluid digestion followed by post digestion aNDF anal-
ysis. Multi-layer polyethylene polyester cloth bags (F57 filter bag; ANKOM Technology Corp., Macedon,
NY, USA) were utilized for incubation of meadow fescue samples for DM digestibility. Bags were rinsed
with acetone and air-dried for 24 h before use. Ground samples (0.25 g/bag) were weighed into tripli-
cate bags, heat sealed and placed in digestion jars. The incubation media and procedure were similar
to that described by Robinson et al. (1999). At the end of the 48 h incubation, jars were removed from
the chamber, the incubation solution was discarded, and the bags were rinsed four times with distilled
water. Bags were placed in an ANKOM fibre (aNDF) analyser and boiled in ND solution for 75 min for in
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vitro true digestibility determination. Bags were removed, soaked in acetone for 3 min and oven-dried
at 100 ◦C for 24 h. The IVTD was calculated as the difference between DM incubated and the residue
after ND extraction.

2.3. Experimental design, treatments and statistical analyses

Data were analysed as a completely randomized design with the experimental unit being the micro-
sward. Times of day (i.e., 06:50, 11:10, 15:30 and 19:25 h) were considered as treatments. Data was
analysed using random coefficient regression. REML was used to fit a mixed model including day and
linear and quadratic effect of time of day as fixed effects and micro-sward and linear and quadratic
effects within micro-sward as random effects. A value of P<0.05 was considered to be significant.
To characterize the relationship between dependent variables, Pearson correlations were performed.
GenStat 11.1 was used for all statistical analyses (Payne et al., 2008).

3. Results and discussion

As there was no treatment × day interactions for any variable analysed, averages over both sampling
days are presented and variables are discussed in terms of treatment.

Dry matter concentrations of the herbage were relatively low (Table 1), which is likely related
to the young vegetative stage of the meadow fescue sampled. In addition, leaf blades comprised
nearly all of each sample because of the 6 cm stubble cut height. These conditions, the morning
dew, the diurnal changes in temperature and relative humidity (Fig. 1), as well as the linear increase
in TNC (Table 1) may explain the marked changes in DM from 06:50 to 19:25 h. The CP, ADF and
aNDF concentrations decreased linearly from 06:50 to 19:25 h by 8.5%, 10.3%, and 5.1 %, respectively.
Concentrations of ADF and aNDF were negatively correlated (P<0.001) with DM (−0.59 and −0.54,
respectively) and TNC (−0.76 and −0.64, respectively). The TNC increased by 46.2% by 19:25 h ver-
sus 06:50 h. There was a quadratic effect of time of day for DM, CP and TNC. This shape of these
diurnal fluctuations may be related to an increase in respiration and metabolic activity of the plants
at dusk. Although there were intermittent clouds during day 2 (Fig. 1), the general pattern of pho-
tosynthetic active radiation did not differ among days. Therefore, the shape of the diurnal increase
in TNC may be due to changes in photosynthetic active radiation and air temperature from 15:00 h
onwards. These results are comparable to the diurnal fluctuations of TNC and fibres reported by
Delagarde et al. (2000) and Gregorini et al. (2006a). Time of day did not affect IVTD, which is sim-
ilar to the low variation in digestibility of organic matter reported by Delagarde et al. (2000). The
lack of effect of time of day on IVTD may suggest that IVTD is a poor indicator of forage nutritive
and feeding value since the forage structure and mechanical features are destroyed by the grinding
required to prepare samples for IVTD determination, thereby removing any impact of ‘toughness’
on IVTD.

Table 1
Effect of time of day on herbage dry matter (g/kg fresh matter), chemical composition, in vitro true digestibility (g/kg DM),
toughness (N/mm2), and particle size ((g/kg DM) of herbage.

Time of day (h) DM CP ADF aNDF TNC IVTD Toughness Particle size*

L M S

06:50 78.5 172.1 313.3 507.4 123.3 897.9 1.82 250.0 727.0 17.5
11:10 110.5 166.4 300.7 486.4 148.4 903.0 1.40 225.1 747.5 22.5
15:30 137.6 155.5 293.0 478.1 176.8 903.4 1.15 150.0 800 60.0
19:25 150.2 157.5 281.2 481.6 180.3 905.9 1.11 117.5 827.5 50.0
SED 2.72 2.85 3.10 4.04 3.30 3.38 0.066 0.20 18.71 14.52
P linear <0.001 <0.001 <0.001 <0.001 <0.001 0.249 <0.001 <0.001 <0.001 <0.01
P quadratic <0.001 0.076 0.988 <0.001 <0.001 0.498 <0.001 0.640 0.616 0.873

DM, dry matter; CP, crude protein; ADF, acid detergent fibre; aNDF, neutral detergent fibre; TNC, total non-structural carbohy-
drates; IVTD, in vitro true digestibility of DM.

* Proportion of the 4 g DM sample; L, >4.75 mm; M, <4.75 > 1 mm; S, <1 mm.
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Fig. 1. Diurnal variation of weather conditions during the two measurement days. (Solid line, day 1; dashed line, day 2.)

‘Toughness’ decreased by 38.6% from 06:50 to 19:25 h (Table 1). In general, as materials dry they
become more brittle (Vincent, 1983). Despite the low DM content of the meadow fescue analysed, the
marked increase in DM content from 06:50 to 19:25 h affected ‘toughness’, which is supported by the
negative correlation (−0.63; P<0.001) between DM and ‘toughness’, and it also agrees with Choong
et al. (1992). ‘Toughness’ was also negatively correlated with TNC (−0.58; P<0.001) and positively
correlated with ADF and aNDF (0.53 and 0.58, respectively; P<0.001). These results concur with the
positive correlation between the ‘toughness’ and fibre content of leaves of tropical trees (Choong et
al., 1992). Our results also agree with previous research that identified correlations between fibre (i.e.,
NDF and ADF) content and maximum force, work to fracture and ‘toughness’ of temperate grasses
leaves (Wright and Illius, 1995). The effect of time of day on particle size reduction (Table 1) followed
the same trend as ‘toughness’, similar to fibres and opposite to DM and TNC. From 06:50 to 19:25 h
there was a linear decrease in the proportion of large particles (i.e., >4.75 mm) and a linear increase
in the proportion of medium-sized particles (i.e, <4.75 > 1 mm). Casler et al. (1996) argued that the
proportion of small particles (i.e., <1 mm) could be related to ease of comminution of grasses, whereas
Perez-Barberia and Gordon (1998) suggested that comminution is a function of ‘toughness’, which may
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relate to the proportions of NDF and ADF in the herbage. In the present study, the proportion of small
particles was negatively correlated with ‘toughness’, aNDF and ADF (−0.50 and −0.53, respectively;
P<0.001), and positively correlated with TNC (0.58; P<0.001). These correlations, and the lack of effect
of time of day on IVTD, matches the results of Casler et al. (1996), who reported negative correlation
between proportion of small particles and fibre concentrations, and a lack of association between the
particle size reduction index and fibre digestibility. These results suggest that grass leaves consumed
by grazing ruminants during the afternoon and evening would be more easily comminuted than leaves
consumed in the morning.

Ingestive comminution is a critical process for grazing ruminants because it facilitates microbial
colonization of feed particles (Chilibroste et al., 2008), thereby affecting degradation and particle pas-
sage through the rumen. According to our results, meadow fescue herbage consumed at dusk may be
more easily swallowed, and passed through the rumrn, as well as ‘packed’ in the rumen (Chilibroste et
al., 2005). This premise is supported by results of Gregorini et al. (2008b), who reported higher particle
passage rates when beef heifers were stimulated to graze during dusk hours. Ingestive comminution
is energetically the most expensive task during grazing (Wright and Illius, 1995; Di Marco and Aello,
1998). Grazing ruminants prefer leaves (MacAdam and Mayland, 2003) and graze longer and eat more
during dusk (Gibb et al., 1998; Gregorini et al., 2006b). Taken in the context of our results, we sug-
gest that cattle preference to graze at dusk is partly related to diurnal fluctuations of herbage leaves
toughness. Grazing at dusk would be energetically more profitable.

4. Conclusions

The diurnal increment of herbage DM, TNC, and the concomitant dilution of aNDF and ADF con-
centration diminish meadow fescue toughness and increase of particle size reduction from dawn to
dusk. During the afternoon and evening, grass leaves would be more easily comminuted than leaves
grazed in the morning, which may help to explain diurnal behavioural patterns of grazing ruminants.
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